We report the observation of the superconducting proximity effect in nanoribbons of a candidate topological insulator (Bi 2 Se 3 ) which is interfaced with superconducting (tungsten) contacts. We observe a supercurrent and multiple Andreev reflections for channel lengths that are much longer than the inelastic and diffusive thermal lengths deduced from normal state transport. This suggests that the proximity effect couples preferentially to a ballistic surface transport channel, even in the presence of a coexisting diffusive bulk channel. When a magnetic field is applied perpendicular to the plane of the nanoribbon, we observe magnetoresistance oscillations that are periodic in magnetic field. Quantitative comparison with a model of vortex blockade relates the occurrence of these oscillations to the formation of Pearl vortices in the region of proximity induced superconductivity.
I. INTRODUCTION
Proximity-induced superconductivity in superconductor-normal conductor (SN) junctions has a long history of theoretical and experimental study 1 . Recently, the superconducting proximity effect has attracted renewed theoretical attention within the context of topological insulators (TIs), materials wherein topologically protected, spin-polarized surface states are created by the combination of strong spin-orbit coupling and time reversal symmetry 2, 3 . Interfacing a TI with a conventional superconductor is of fundamental interest for a variety of reasons. At such interfaces, theory predicts the formation of zero-energy mode quasiparticles that are condensed matter analogs of elementary fermionic excitations envisioned by Majorana but not yet observed in Nature [4] [5] [6] . Furthermore, the "locking" of spin and momentum in TI surface states raises important theoretical questions about the nature of the proximity effect at TI/superconductor junctions 7 and recent experiments suggest that the measurement geometry could have a significant influence on the observed phenomena 8 . Evidence for the proximity effect was provided in an early study 9 that interfaced a superconductor with Bi 1−x Sb x , a material now recognized 10,11 as a 3D TI. More recently 12 , a supercurrent was observed in thin exfoliated samples of another TI (Bi 2 Se 3 ). Bulk superconductivity has also been seen in compounds derived from a parent TI 13, 14 . However, systematic studies of proximity-induced superconductivity in candidate TIs are still in their infancy.
In this paper, we discuss measurements of the proximity effect in mesoscopic Bi 2 Se 3 channels interfaced with superconducting tungsten (W) leads. Our principal aim is to report the observation of two new experimental results. First, we show that even in non-ideal TI samples with bulk conduction, ballistic transport in the surface states can manifest through the persistence of a supercurrent and multiple Andreev reflections over significantly longer distances than the phase breaking and diffusive thermal lengths deduced from (bulk dominated) normal state transport. Second, at temperatures above the onset of complete superconductivity, we observe magnetoresistance (MR) oscillations that cannot be understood using conventional scenarios such as fluxoid quantization or the Aharonov-Bohm effect. Instead, the data are quantitatively explained using a recent model 15 that relates MR oscillations in superconducting channels to the "Weber blockade" of Pearl vortices. The combined observation of proximity induced superconductivity and vortices in a TI-superconductor configuration could be relevant in the ongoing search for Majorana fermions [4] [5] [6] .
II. SYNTHESIS AND CHARACTERIZATION OF BI 2 SE 3 NANORIBBONS
The Bi 2 Se 3 nanoribbons studied here were synthesized via gold catalyzed vapor-liquidsolid mechanism using a horizontal tube furnace 16, 17 . We obtained additional confirmation about the crystalline phase of the samples using Raman spectroscopy of individual Bi 2 Se 3 nanoribbons. Figure 1d shows a typical room temperature Raman spectrum from a single Bi 2 Se 3 nanoribbon supported over one of the holes in a TEM grid; the data were taken with 514.5 nm excitation and the geometry ensures that the back scattered light only originates from the nanoribbon of interest. The incident radiation was polarized parallel to the nanoribbon growth direction and the scattered radiation was unpolarized. The measurements were performed with a very low incident laser power (∼ 10 µW with a spot size of ∼ 1 µm) to avoid sample overheating. Three character- spaced tungsten contacts, we also carried out a control measurement by depositing two tungsten strips with a visible edge-to-edge separation of 460 nm on a Si 3 N 4 substrate; we found that the (two-probe) resistance of this configuration was larger than 0.5 MΩ at T = 500 mK, well below the superconducting transition temperature of the tungsten contacts. To further rule out insidious spreading effects that could occur in a nanostructure geometry, we also examined (undoped) ZnSe nanowires with tungsten contacts and again found no signs of superconducting shorts below the transition temperature of the contacts.
We measured a total of 6 Bi 2 Se 3 nanoribbon devices with tungsten contacts; their characteristics are summarized in Detailed fitting of σ vs T becomes more complicated because of the many fitting parameters:
as we show below, fitting the magnetoconductivity to the weak localization theory suggests that there are multiple channels participating in the quantum corrections. Since the slope of σ vs. ln(T ) is strongly affected by the dependence of L φ (T ), it is not appropriate to assume all channels contribute equally, as this assumes the coherence length for each of the channels is the same as the others. Figures 3c and 3d show the magnetoconductivity for device G and H at T = 3.0 K (squares) and T = 2.0 K (circles) in fields perpendicular to the nanoribbon plane. We fit the magnetoconductivity using the Hikami-Larkin-Nagaoka 21 equation:
where α depends on the dominant scattering mechanism and Ψ(x) is the digamma function. α = 1 in the limit of weak spin orbit and magnetic scattering; α = −1/2 in the limit of strong spin orbit scattering and weak magnetic scattering; and α = 0 when magnetic scattering is strong. For completeness, we also include the 2D correction from electronelectron interactions 22 given by:
where , where ∆ is the gap of the W electrodes and n is an integer [24] [25] [26] [27] . The arrows identify a consistent series of subharmonic peaks in dI/dV corresponding to n = 2, 4, 8 ( Fig. 1d) for a superconducting energy gap ∆ = 0.669 meV.
Using the BCS relation ∆ = 1.76k B T C , this corresponds to T C = 4.41 K, which is close to T C = 4.7 K obtained from the temperature dependent zero bias differential resistance. The absence of some values of n is not understood, but is not an uncommon occurrence 26 . The peak assignment in Fig. 4c results in an anomalous location of the prominent n = 1 peak at 1.194 meV instead of the expected location V = ∆ e = 1.338 meV (indicated by the arrow in Fig. 4c ). We attribute this to heating at higher bias, noting that similar anomalies have been seen in other SNS devices 26 . The origin of the peak identified as ∆ = 0.932 meV is unclear; it could be a signature of a quasiparticle minigap ∆ g that is expected to arise when Observation of a supercurrent and multiple Andreev reflections in an SNS device requires a normal channel length L shorter than two principal length scales: the thermal length ξ N which characterizes the spatial decay of the pair amplitude in the N channel and the electron phase-breaking length L φ . At low temperatures, the cut-off is typically determined (Fig. 3c and 3d) , we find L φ 140 nm at T = 2 K.
Thus, our analysis shows that we are observing a supercurrent and multiple Andreev L B2 . We have also observed subharmonic gap structure in two additional nanoribbons (not shown). The overall behavior is similar to that discussed above.
V. TRANSPORT MEASUREMENTS WITH SUPERCONDUCTING (TUNG-STEN) CONTACTS: ANOMALOUS MAGNETORESISTANCE OSCILLATIONS
We now discuss the occurrence of unusual MR oscillations in Bi 2 Se 3 nanoribbons under conditions where the contacts become superconducting but where a supercurrent has not yet been established. In order to make consistent comparisons, we carried out both sets of measurements in the two probe geometry on device B, recalling that the electrode configuration shown in Fig. 5a precludes a true four probe measurement for the shorter channel.
As a check, we also measured channel B2 in the four probe geometry and found identical behavior as the two probe measurements. Fig.   7a and 7b ), parallel to the nanoribbon axis (Fig. 7c) , and parallel to the plane but perpendicular to the axis of the nanoribbon (Fig. 7d) . While similar MR oscillations that are periodic (∆H ∼ 1.60 kOe) at higher field were observed when the field is perpendicular to the nanoribbon plane, they were not observed in the other two primary field directions.
The observed MR oscillations cannot be explained using standard scenarios. The Shubnikov-de Haas effect is ruled out since the oscillations are not periodic in 1/H. The
Aharonov-Bohm effect of surface currents 16 is also ruled out for several reasons: the oscillations are only observed when the magnetic field is perpendicular to the nanoribbon plane and not when it is parallel; the oscillation amplitude has a non-monotonic temperature dependence; finally, MR oscillations are absent when using normal metal contacts (e.g. Having dismissed standard explanations for our observations, we resort to a new model that predicts MR oscillations when a thin, narrow superconducting strip is placed in a perpendicular magnetic field 15, 32 . We are cautiously aware that this "Weber blockade" model was developed for a genuine superconductor, while we are assuming that it can also be applied to a normal metal supporting proximity-induced superconductivity. There is the- as expected, is much larger than the coherence length of a typical superconductor (such as the tungsten contacts). The inset to Fig. 6e shows, in a model calculation, how vortices distribute in a nanoribbon as the energy (magnetic field) increases. In Fig. 6f , we plot the number of vortices in the channel as a function of the applied magnetic field, assuming the fitted values of ξ in Fig. 6e . The model assumes a uniform superconducting gap; this may account for the disagreement between the experiment and the calculation using the fitted value of ξ for the first few vortices (Fig. 6f) .
VI. CONCLUSIONS
In summary, we have demonstrated proximity-induced superconductivity in Bi 2 Se 3 nanoribbons contacted with superconducting electrodes. Our experiments suggest that even when diffusive bulk conduction coexists with ballistic surface conduction in a 3D TI, the proximity effect may preferentially couple to the latter. Furthermore, the superconductor-TI device configuration demonstrated here provides a viable route for creating vortices near the interface between these two classes of materials. The formation of these vortices is manifest in MR oscillations whose period can be well explained using a simple model. Thus, our experiments show that superconductivity -and possibly vortices -can be realized in experimental geometries that are directly relevant to the search for Majorana fermions in condensed matter systems 4-6 .
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